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Vibration based electromagnetic micropower generator on silicon
Recent advances in the design of low power very large scale integrated ͑VLSI͒ circuits 1,2 along with low duty cycles of wireless sensors have reduced the power requirement for integrated nodes from the milliwatt to the microwatt range. This enabled researchers to explore the possibility of scavenging energy from the local environment as an alternative to batteries. Lately, harvesting energy from vibrations has become the focus of intense research mainly for powering different autonomous sensor nodes to augment their lifetimes. Electromagnetic power generators have an advantage of providing potentially infinite amount of energy, without depending on intrinsic coupling factor as in piezoelectric generator. 3 In a recent work, 4 a 10 mm wide microgenerator has been developed with a spinning magnet above a mesh of coils fabricated on a chip. To date, there has not been any report of electromagnetic power generators microfabricated using electroplated micromagnets. Previous work has demonstrated electromagnetic power generators using fixed bulk magnets such as NdFeB and a moving Cu coil attached to a stainless steel cantilever beam. 5 This generator having a size of 3000 mm 3 was tested on a car engine and produced a peak power of 3.9 mW. In other work, 6 a generator with the magnets located on a stainless steel beam and vibrating around a coil is described. This design produced a constant power of 2.5 mW, with a load resistance of 100 ⍀. In one of our recent works, 7 the voltage and power outputs have been measured in the range of 0.7-4.15 V and 104-122 nW across a 100 ⍀ load resistance with a wire-wound coil integrated into a silicon paddle vibrating between two sets of bulk NdFeB magnets. The volume of the device was approximately 100 mm 3 . Although, the bulk magnets have a large energy product ͑BH͒ max and high coercivity ͑H c ͒, deposition of these materials for microelectromechanical system ͑MEMS͒ is a challenge. Sintering or melt spinning is a few of the industrial deposition processes for NdFeB, SmCo, and other rare-earth magnets, but these processes usually require very high temperatures and are incompatible with MEMS fabrication. 8 Alternatives to the sintered magnets are hard magnets such as CoPt and FePt face centered tetragonal ͑fct͒ phases. These magnets can be deposited by sputtering 9, 10 or by electroplating.
11-14 The use of electroplated or sputtered magnets allows for the scaling down of the size of the power generator and also the processes are compatible with MEMS fabrication. Electroplating has the advantage over sputtering of having an inexpensive, faster deposition rate, which readily lends itself to any complex three-dimensional ͑3D͒ topology of different devices.
This paper describes the theory, design and simulation of electromagnetic micropower generators with electroplated micromagnets. The volume of the device is approximately 30 mm 3 with a predicted maximum power of 85 W. In this study, the mechanical and electrical characteristics of two designs of power generator are compared. The twodimensional ͑2D͒ finite element analysis ͑FEA͒ has been carried out to predict the voltage and power generated by the device using the magnetic properties of electroplated Co 50 Pt 50 fct phase, with the highest coercivity of 1.3 T in electroplated films reported in literature, 15 for a frequency typically present in industrial machinery.
According to Faraday's law, any time change in the magnetic field linking a coil will cause a voltage to be induced in the coil. In the present designs, the magnets are fixed and the coil moves in between two sets of magnets. If it is assumed that the movement of the coil is described by a second order damped mechanical system, with one degree of freedom in the z direction, then the maximum displacement of the coil at the resonant frequency is given by
where F is the resonant driving force, D is the damping factor, and f is the resonant frequency. D will be composed of electromagnetic damping and air damping. air damping is neglected in this case, which has been explained later. The maximum power generated by the system at resonant frequency is given by
In general the maximum displacement of the generator will be limited by the generator structure and size. Thus, the value of D has to be selected such that the system oscillates at the maximum allowable displacement. The damping factor for a system varies with the gradient of flux linkage and can be written as
where d / dz is the gradient of flux linkage per turn at a given position, N is the number of turns of the coil, R coil is the coil resistance, and R load is the load resistance. Using Eq. ͑3͒, the value of the damping factor D can be set to optimize the maximum power generated by a system for a given displacement by changing the load resistance and the number of turns in the coil. In the present designs, the electromagnetic power generator uses a vibrating two-layer copper coil structure in a magnetic field to generate power. The 10 m thick copper coils are electrodeposited on the top of an insulated 2 m thick bottom copper coil, which is sputtered on a silicon paddle ͑3.5ϫ 2.8ϫ 0.5 mm 3 ͒. The paddle is etched by deep reactive ion etching ͑DRIE͒ and batch fabricated on a silicon wafer. A silicon cantilever beam ͑0.3ϫ 1.2ϫ 0.5 mm 3 ͒ connects the paddle to the frame. This coil arrangement is bonded between two sets of 1 mm wide and 150 m thick Co 50 Pt 50 fct phase hard magnets, 15 electroplated on separate silicon wafers ͑Fig. 1͒. In the present designs, a 150 m separation was chosen considering the fabrication allowances. On the application of external vibration, the silicon paddle resonates horizontally between the magnets. In design 1, the magnets are arranged to form a two-pole system with the oppositely polarized magnets placed next to each other ͑Fig. 2͒. The positioning of the coils is such that each magnet pole covers one-half of the coil. The advantage of such an arrangement is that while vibrating, the coil moves from a positive flux density to a negative flux density, thereby maximizing a flux gradient and hence generating the voltage. In order to concentrate the magnetic lines of force in the region between the magnets, design 2 uses a 300 m thick layer of Ni 45 Fe 55 soft magnetic ͑SM͒ material plated 17 under the hard magnet ͑HM͒, as shown in Fig. 3 . Ni 45 Fe 55 as a soft material is chosen because of its relatively high flux density ͑1.6 T͒ and low coercive field ͑1.5 Oe͒ to help concentrate the flux lines. From the simulation results, the flux density present in the majority of the soft magnetic layer is around 1.5 T. Hence, the soft magnetic layer can act as a path for flux lines without exceeding the saturation flux density of the material. The voltage and power generated by the device are predicted using 2D FEA software. For a maximum power output, the resonant frequency of the electromagnetic power generator should match the frequency of external vibrations. For the simulation, an input velocity given by v = Z max 2f sin ͑2ft͒ defines the motion of the coils in the device. As mentioned earlier, the size and structure of the generator limit the maximum displacement Z max of the paddle. The value of Z max , for this particular design, is calculated to be 240 m. The mass of the moving coil was calculated to be 1.42ϫ 10 −5 kg. The inputs to the 2D FEA are frequency and acceleration. The values of frequency and acceleration are taken as 7400 Hz and 1.1 m / s 2 . These values were found from measurements taken on a typical industrial fan. The value of the driving force for the given inputs is 1.56ϫ 10 −5 N. According to Zhang et al. 18 the effect of air damping becomes significant, when the device is scaled down to micrometer dimensions and the working frequency is in the megahertz to gigahertz range. Since in our device the beam which is much larger in dimensions ͑1.2ϫ 0.3 ϫ 0.5 mm 3 ͒ vibrates at a lower resonant ͑7400 Hz͒ fre- quency, we may assume the effect of air damping as small. This is consistent with the description of air damping effects on silicon resonators studied by Newell 19 given the size and aspect ratio of the generator. Again the fabricated device could be encapsulated in vacuum, reducing further the effect of air damping. From Eq. ͑1͒ it can be calculated that the damping factor be 1. Figures 4 and 5 show how the load power and load voltage vary with the number of turns in the coil for designs 1 and 2. In design 2 the value of flux gradient ͑d⌽ / dx͒ is higher, hence the generated voltage, as compared to design 1 due to the presence of soft magnetic layers. For design 1, the maximum voltage of 55 mV is generated with a coil of 60 turns and a load resistance of 37.5 ⍀. The maximum power for this design is 70 W for a 20 turn coil and a load resistance of 7.75 ⍀. Similarly, for design 2, a maximum voltage of 950 mV is generated by a 250 turn coil and a load resistance of 7.5 k⍀ and a maximum power of 85 W is generated with a 20 turn coil and a load resistance of 70 ⍀. Although, the simulations give the maximum load voltage at 400 turns, the calculations of load voltage and power are carried out up to a maximum 250 turns, because of the limit in the lithographic resolution ͑2.8 m track width͒ of the electroplated coil. The output voltage is calculated as follow:
Therefore, from Eq. ͑4͒ it is clear that an increase in the number of turns leads to an increase in the generated voltage.
Similarly the increase in the number of turns leads to an increase in the coil resistance. The value of load resistance has to be varied to keep the damping factor constant, for the beam to resonate at 240 m. The load voltage can be calculated as
As the generated voltage increases with the number of turns, the load voltage increases until the coil resistance equals the load resistance. After this point, the coil resistance increases exponentially with the number of turns and the load resistance has to be reduced to keep the damping factor constant, leading to a decrease in the load voltage. For power calculations, the variation of the power output with load resistance can be explained using the following equation:
This work compares the mechanical and electrical performances of different designs of electromagnetic power generators. The effect of varying the coil turns in order to optimize the output power and load voltage has been investigated. The maximum voltage and power from the first design are 55 mV and 70 W, for an input frequency of 7.4 kHz and an acceleration of 1.1 m / s 2 for an optimized choice of load resistance. The maximum displacement of the beam is fixed at 240 m. Similarly for the same inputs, the second design generates a maximum voltage of 950 mV and a maximum power of 85 W. The power generators are being fabricated using standard MEMS processing techniques, based on the optimized designs. Details of the fabrication processes and measured output of the batch-fabricated devices will be published elsewhere.
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